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DUST STORMS ON MARS: CONSIDERATIONS AND SIMULATIONS

R. Greeley * B. R, Whitet 1. B. Poltack.3 J. 1. Iversen.§ and R. N, Leach®
SUMMARY

Acoliun processes are important in modifying the surface of Mars at present, and appear 1o
have been significant in the geological past, Acolian activity includes local and plobal dust storms,
the formation of crosional features such as yardangs and depositional features suclt as sund dunes,
and the erosion of rock and soil. As a means of understanding acolian processes on Mars, an
investigation is in progress that includes laboratory simulations. ficld studies of Earth analogs, and
interpretation of spacecraft  data. This report describes the Martian Surface Wind Tunnel
(MARSWIT). an experinental facility established at NASA-Ames Research Center, and presents
some results of the general investigation. Experiments dealing with wind specds and other condi-
tions required for the initiation of particle movement on Mars are described and considerations are
given to the resulting effectiveness of acolian erosion.

INTRODUCTION

For many years, Earthi-based telescopic observations of Mars have revealed surface markings
that change size, shape. and position with time, apparently in response to changes in the martian
seasons. Although many origins have been attributed to these markings — inciuding notions that
they could be related to bioiogical activity -~ in recent years it has becoine apparent that they are
the result of atmospheric phenomena, including cloud formation and dust storm activity. This
report considers some busic aspects of the martian dust storms and focuses primarily on the
conditions for initiating particle movenent by the wind with discussions based mainly on labora-
tory simulations.

We will 1.5t briefly review the currert understanding of martian dust storms, then describe the
experimental facility cstablished at NASA-Ames Research Center to simulate martian acolian
activity, and then discuss the initial results obtained from this facitity. Finally, we will discuss the
impications of these results in terms of the geological history of Mars and of acolian activity in
general.
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+Mechanical Enginecring Department, University of California, Davis, Calif. 95610.
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§ Department of Acrospace Engineering, lowa State University, Ames, lowa 5001 0.

——
-




[

L

MARTIAN DUST STORMS

More than one hundred years of observations of Mars have produced an impressive catalog
documenting the changing patterns on that planet. In recent years staff ut several observatories have
closely followed the initiation and growth of globa martian dust storms. Summarizing from
reference 1, these observations show that major dust storms typically originate in three general areas
of Mars - Hellespontus, Noachis, and Solis Planum - all elevated plateaus that are between 20° and
40° § latitude (fig. 1); Viking results are showing that local dust storms can occur in many other
arcas as well, Major storms typically begin near or slightly before the time of southern hemisphere
solstice (close to perihelion), at the start of martian southern hemisphere summer, or late spring;
however, some years there are no major dust storms.

The major storms appear to go through three phases. In phase I, lasting about five days, the
storms begin as bright spots or cores, about 400 km or smaller in diameter. Phase II is the expansion
of the storm which can last from about 35 to 70 days. Expansion takes place by having secondary
cores develop around the primary cores of the first phase, until eventually the entire planet is
affected. Moreover, the development of the storm path does not seem to be topographically related;
for the largest storms, the entire planet may be totally obscured. Phase 11 marks the decay of the
storm and lasts from 50 to 100 days. The first areas to clear are the poles and topographically high
regions, such as the summits of the shield volcanoes. Although major dust storms do not occur
every year (phase Il — expansion - may not fully develop), the occurrence is fairly frequent
(ref. 1),

The Mariner 9 miission to Mars in 1971 provided the unique opportunity to observe dust storm
activity at close range Even before the spacecraft went into orbit, Earth-based observations showed
that a major dust storm totally obscured the planet. Photographs obtained from Mariner 9 coupled
with other data produced a wealth of new information on martian dust storms. Average particle size
in the atmosphere was found to be less than 2 ym. cr about the same as the particles carried over
the Atlantic by suajor Saharan dust storms. The dust was found to be well mixed in the atmosphere
to heights of 30 to 40 km and had the effect of raising the atmospheric temperature by as much as
50 K.

After the 1971 dust storm had essentially cleared, Mariner 9 photographed numerous local
dust storms and a host of features that are attributed to acolian processes (ref. 2 and others). Major
findings include dune ficlds, polar laminated terrain (possibly composed of alternating layers of
windblown dust and dust-ice mixtures) and yardangs. The most abundant type of acolian feature,
however. is the craterstreak (fig. 2), of which there are two types — dark streaks and light streaks.
Dark streaks were seen to appear and change size and shape in a matter of weeks; light streaks
remain relatively stable, tuking years to change (ref, 3). Most dark streaks appear to represent arcas
where acolian crosion has removed material, while some light streaks appear to represent dust
deposits. The morphology of many streaks can be explained by the geometry of the wind flow field
around and over craters and the resulting zones of wind-scour and deposition (refs. 4--8),

The Viking mission currently in progress is yielding even more data on martian aeolian
processes. Two Viking Orbiters are producing photographs of the surface over large areas at
resolutions substantially improved over Mariner 9, while two landers arc obtaining the first pictures
of the surface, making measurements of the wind speeds and directions, andd obtaining data on the
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Figure 2.- Examples of several types of dark and fight streaks associated with craters on Mars. Most dark streaks are
generally considered to result from erosion of particles from the surface: some light streaks appeat to be deposits
of windblown particles,
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atmospheric dust content for the two different landing sites in the northern he
pictures at both sites show accumutation of windblown sediment as dune
evidence of avoliun crosion in the form of possible ventifacts (refs,

misphere. Lander
forms (fig, 3), as well as
and 10}, Orbiter pictures show

newly discovered dune fields (fig. 4) and numerous crater streaks (ief. 11). Acolian features
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(a) Panoramic view of the surface of Mars from Viking Lander 1 in Chryse Planitia (see fig. 1), This image was taken
t in early morning (about 7:30 iocal time), August 2, 1977, and covers the view from the northeast at the left, to the
! goutheast at the right. The large boulder at the left is about 1 by 3 m and is about 8 m from the spacecraft. The
g_'. light-colored materials are deposits of windblown particles. The shape of the deposits suggest erosion by winds
: blowing from the upper left to the lower right (ref. 9).
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(b) View of martian surface from the Viking Lander 2 site in Utopia Planitia (see fig. 1), showing the rockittered
terrain and accumulations of fine-grained, windblown material. The horizon, which is some 3 kn distant, is actually

level; the tilt in the picture reflects the 8° tilt of the spacecraft and the manner in which the panoramic pictures are
obtatned (ref. 10).

Figure 3. Views of martian surface from Viking.
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Figure 4.— Viking Orbiter 1 view of a sand dune ficld contained within Gangis Chasma, a canyon of Vallis Marineris
(see fig. 1). The field is about 50 km long and up to 20 km wide. Individual dunes are about 500 m across. The
illumination is from the right toward the left.

observed from both orbit and on the ground will be monitored throughout the extended Viking
mission into 1978 for observation and for correlation with the meteorology experiment results
(refs. 12 and 13) and other Viking data. For example, local dust storms have been observed
developing in the southern hemisphere (figs. 5 and 6) earlier than expected. By late martian spring
(1977), most of the southern hemisphere was obscured, although the southern polar cap remained
clear.

From Earth-based observations and numerous spacecraft missions, it is apparent that aeolian
processes have played an important role in altering the surface of Mars. Knowledge of the physical
and to some extent the chemical conditions that govern aeolian processes on Mars is paramount to
our understanding of both the present environment of the planet and of its geological history.

In order to understand the nature of aeolian processes on Mars, a collaborative research
program was established in 1972 that is a multidisciplinary effort involving a geologist, a planetary
physicist, and acrodynamicists: it includes laboratory simulations {(primarily wind-tunnel work),
field studics of aeofian processes on Earth, and analyses of spacecraft data. Previous results trom
this program are reported in references 4 -0 and 14--20.

6
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Figure 5.— Viking Orbiter 2 photomosaic of dust storm (arrow) more than 300 km across
ingide the Argyre Basin (see fig. 1, Argyre Planitia).

A
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! Figure 6. Viking Orbiter views “before” (left) and “after” (right) of the region west of Vallis Marine.is. The mosaic
i at left was taken July 31, 1976, and shows the surface in sharp detail; the picture at right was taken March 25,
} 1977, and shows the sare area covered by diftuse clouds of water ice and dust.
]
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THE MARTIAN SURFACLE WIND TUNNEL (MARSWIT)

When the possibility of dust storms on Mars was first realized, many investigators attempted 10
predict the wind speeds and other conditions needed for martion winds to move fine-grained
material, In most cases these investigators turned to the classic work of Bagnold (ref, 21) tor the
expressions describing acolian processes and used the appropriate parameters for Mars in formulat-
ing their predictions. Assuming roughly analogous geological conditions of particle mmcmlm.,y ete.,
the greatest problem in extrapolations from Earth to Mars are differences in tcmpcr.llu: and
atmospheric surfuce pressure and, to a much lesser extent, the two-thirds less gravity on Mars. The
atmospheric surface pressure on Mars ranges from about 1 mb (100 Pa) on mountuin tops to about
10 mb (1000 Pa) - Jess than 1/100th that of the Lurth — with a nominal average of about 5.3 mb
(530 Pa). Thus, the substantiaily “thinner’ martian air, composed of 95 percent CO,, 13 percent
Ar, 2-3 percent Ny, 0.1--0.4 percent O, (ref. 22), must be blowing considerably faster than on
Earth to accomplish the same cffect, or to initiate particle movement. Unfortunately, imprecise
knowledge of the cffect of winds upon a loose particulate surface at low pressure makes extrapola-
tions to Mars questionable. Widely divergent results for predictions of threshold wind speeds on
Mars among various investigators prompted another approach, namely, experiments conducted at
low pressure,

A low-pressure chamber at NASA-Ames Researci, Center, constructed in the carly 1960% for a
series of acoustic and structural tests at low p 2ssure on rockets and since then vacated. was
recommissioned to house the Martian Surface Wind Tunnel (MARSWIT).. The chamber is a
pentagon-shaped, concrete tower 30 m high, with a floor arca of 164 m? and a total chamber
volume of 4058 m? (fig. 7). The entire chamber can be evacuated to a minimum pressure of 3.8 mb
(380 Pa) in a period of about 45 min using a steam-¢jection system. A 7.6-m X 7.9-m door permits
large experimental apparatus to be placed inside the chamber, and numerous plumbing and
electrical fittings allow a variety of experiments to be conducted at low pressure. MARSWIT
occupies the center of the chamber, as shown in figure 7.

MARSWIT (fig. 8) has an overall length of 14 m, with a 1.1-m? test section located § m from
the entrance. The tunnel walls are constructed of 2.4-cm clear Plexiglas to ¢nable ready viewing.
The tunnel is driven by a network-ejector system consisting of 72 equally spaced 1.6-mi nozzles
located in the diffusor section. High pressure air (up to 9.86 kg/em?) is forced through the nozzles
to induce flow of air through the tunnel. The maximum attainable freesstream airspeed is 13 m/see
at atmospheric pressure, increasing to 180 m/sec at § mb (500 Pa).

A naturally turbulent boundary layer occurs inside the tunnel at atmospheric pressures:
however, at low pressures (corresponding to the range of martian surface pressures). it is necessary
o “trip” the boundary layer in the entrance area to ensure that the boundary layer is turbulent.
This is accomplished by means of vortex generators, consisting of smatl pebbles that are secured to
the tunnel floor. The bed of pebbles extends approximately 3.5 m downstreamt from the en rance
section, The wind tunnel boundary layer that is achieved cotresponds to a neutrally stratificd
atmosphere in which the Monin-Obukhov stability length is iniinite, hence the ratio of Tocal surtace
roughness height to the stability length is zero. A finite value of the stability lfength could be
achieved in the tunnel by heating or cooling the entire tunnel floor to obtain unstable or stable
stratification, respectively,
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(a) Schematic diagram of the Martian Surface Wind (b) Photograph of MARSWIT rentoved from the low
pressure chamber for maintenance. Right side of the

Tunnel (MARSWIT), showing the low pressure
chambet, the tunnel, and the control room. tunnel is the diffuser, exit end of the 13-m open
circuit tunnel.

Figure 7.— Martian Surface Wind Tunnel (MARSWIT).
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THRESHOLD FRICTION SPEED FXPERIMENTS

Winds transport particles by surface traction, suspension. sl saltation, the Litter e terig ased
to deseribe bouneing grns (derived from the Latin verh saftare, mvimting *to leap or danee™),
Material in fraction moves very Jose to ar on the surfiiee by rolling, sliding, e te. whereas particles
in suspension are held aloft by eddies of turbident flove, Particles on Barth are most vasily moved by
the wind by saltation, with both surface creep and suspeasion resulting priniirily From e impit
of saltating grains. Thus most rescareh, including most of that of Bagnold (e, 21, has coneen-
trated on the conditions of wind speed. surtace roughness, ete. needed 1o initinte saltation, Bagnold
defined two types of threshold  static threshold and dynamic threshold. Static threshold involves
wind conditions needed to initiate grain movement for a bed of particles at rest, Dynamic threshold
involves the initiation of grain movement for a bed that is being impacted by prains saltating from
upwind; typically, somewhat lower wind speeds are needed for dynamic threshold than Tor statie
threshold, The threshold experiments described here are concerned with static threshold only.,

The basic physics of windblown material is considered to be essentiatly the sume whether it
oceurs on the surface of Earth or Mars. The primary difference is due to the comparatively thin
martian atmosphere which requires much hugher wind velogities to accomplish the same effect as on
Earth. As the wind speed increases over a given surlice, there is i minimum wind velocity (0) that is
needed to initiate motion for particles of a given size and density, Corresponding to this minimum
wind velocity is a threshold surface stress (7,) that is needed to set particles into motion. From this
threshold stress, 7,. a threshold friction velocity ¥, may be defined as 7, = oV, where pis the
fluid density. Experitnentally V*t can be determined from knowledge ot the vertical velocity
structures above the surface.

Based on an ecvaluation of the important terrestrial parameters influencing the threshold

friction velocity, Bagnold (ref. 21) derived the following expression for the thieshold friction
velocity on Earth

(n

where Pp is particle density, g is aceeleration due to pravity, !)p is the mean particle diameter, and A
is an o xperimental coefficient. For particle motion to occur. the foree caused by the horizontal
wind stress must exceed the gravity foree exerted on the particte. In the case of particles having
densities much greater than the density of the fluid, equation (1) simplifics to

V*
A = ! ()

Yi@,D, 70}

The dimensionless quantity A appearing in these equations was assumed by Bagnold to be a
unique function of only the particle friction Revnolds number B. B is defined as

10
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where #is the kinematie viscosity, The pavineter i provides 4 mvasure of how turbuient the flow is
arcamed the particle, In principle the determination of the funetion AUE) is all that is necessary 1o
obtain fesrestrial values of P if the ofher parameters are known (e, 1,0, o0 s ans 2 wanld
ordinarily be specitied). ‘This funetion sgppears 1o predict accurately the vitlues of Fy Tor Larth as
long as /122 1 however, it may not predict correct resitlts for pressures lower than atinospheric,
such as those on Mars,

Thus it is generally possible to predict the values of Vy, for a ninge of conditions on Larth,
and, for at least a first-order approximation, to predict V.‘.f for Mars by using the appropriate
martian values for the parameters involved. Accurate predictions, however, for Larth and especiatly
for Mars involve several complicating factois. The original expressions for particle movement
derived by Bagnold and amplitied by others do not take into account snch factors as LIt o rces,
interparticle forees due to cohesion, electrostatic chiarges. ete., or the Magnus effect (a lift function)
from spinning grains, Because these are important not only for understanding acolian processes
Earth but are essential for extrapolations to Mars, some of these factors have been systematically
investigated in the laboratory for onc-atmosphere conditions and reported on carlier frefs. 4- 5
and 18 20).

Despite the refinements that have been made in expressions deseribing wind  threshold
conditions on Earth, many fundamental questions remain regarding the beiravior of windblown
material under the low atmospheric pressure conditions on Mars; it was for this reason thm
MARSWIT was established. The first results from MARSWIT are described in a preiiminary report
by Greeley eral (ref, 15): in tius section, we describe more fully the experimental procedure and
the threshold results for low pressure conditions,

There is a basic difference between the laboratory simulations and martian conditions. In the
wind wmnnel the working fluid is “Earth’ air; however. on Mars the atmospheric gas is 95 percent
cerbon dioxide with Jesser amounts of argon, nitrogen, and oxygen. The universal gas constant for
air is B =0.287 KI/KgK, while tor CQO, it is 0.189 KJ/KgK. Hence, for air at a pressure off § mb
(500 Pa) the gas density is 6.20 X 107 Kg/m*. and for CO, at the same pressure the density is
942 X 10 Kg/m? or 52 percent more than ait. Both densities were caleulated for a constant

temperature of 285 K. This represents o substantially larger density of the gas on the surtace of

Mars than comparable wind-tunnel tests have at the same pressures and temperatures. This will
affect the forces on individual grains since the density of was is direetly related to the foree. The
absolute viscosity of air is approximately one-lifth greater than Piat of €Oy at similar temperatures
which also complicates the simufation. Thus MARSWIT results cannot be compared directly to
similar martian surface conditions, and extrapolations must be developed to tuke into account these
ditferences in order to make predictions tor a wide range of surfuce pressures and temperatures on
Murs,

it
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Experimental Procedure

Threshold friction velocities V,,.! are typically plotted as a function of particle diameter D)
(fig. 9. Several ditferent materials having a range of particle diameters and densities were tested in
the MARSWIT, Euch experiment consisted of placing a patch of particles in the tunnel test section,
evacuating the chamber to its minimum pressure (~3.8 mb, or 380 Pa), and then increasing the
wind speed through the tunnel until saltation was initiated, The free-stream wind speed was noted,
correlated with a standard velocity profile for the tunnel at the given pressure and converted to a
value of V*, (fig. 10). The chamber pressure was then ingreased and the procedure repeated for the
higher value of surface pressure. This process was repeated for each particle test case, and threshold
velocities were obtained as a function of pressures ranging from ~3.8 mb (380 Pa) to ~1000 mb
(10% Pa),

10C0

~_
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Figure 9. Comparison of threshold friction speed vs particle diameter for Earth, Mars, Venus, and in liquid. 1n all
cases except liquid, there is an “upturn® in the speed needed to set smaller grains in motion; thus, on each planet,
there is. an optimum particle size for moverment by lowest winds (ref. 36).




A

200 -
180

1601

-
S
(=]

—

[

o
H

w
(=]
T

PRESSURE = 6.3 mb

PROBE HEIGHT, mm
=
(=

60 V.o, mitec
o 1.4
40Fr
A BOS
20

1L il Il Il ]

0 20 40 6 80 100 120 140
VELCCITY, m/sec

(a) Several velocities are run at each pressure.
Height of boundary layer is determined.

1000 PRESSURE = 5.3 mh
b V. =805
_74-455
[ V.- SEp =406
V.
= 0815
100 - V-

V. =1114

PROBE HEIGHT, mm

10
s 101 - 63
V. - 576 = 6.6
V.
v - 058
1 1 1 ] 1 1 |
40 80 120

VELOCITY, m/sec

hih.

{c) Log slope is obtained to determine V,,, from

I'elati()nship Vm = (V| 00 Vio)/S-?S.

ORIGINAL PAGE IS
OF POOR QUALITY

10 PRESSURE = 5.3 mh

V..
o114
8 A B80S
TYPICAL PROFILES
6

LAMINAR BOUNDARY LAYER .

TURBULENT BOUNDARY -
LAYER )
!
1.0
(b) Data is nondimensionalized and compared to
standard profiles to insure that it is turbulent,
700
600
s00 -
7/
400 /
/
/
00 - //
V4 PRESSURE 5.3 mb
/
200 v
/7 =i,
7 SLOPE V. 060
100 //
/
/ 1 1 1 1 1 ]
0 20 40 60 80 100 120
V..., m/sec
{d) The values of V,fVe are checked to ensure
linearity.

Figure 10.— Determination of friction velocity, ¥y, from boundary-layer profiles,

Test materivly - Three kinds of materials were used in the threshold friction velocity experi-

ments: silica microspheres, natural silt, and finely ground walnut shells. These materials {(fig. 11)
were selected because they afforded a variety of particle diameters and densities,

With knowledge of the geological environment of Mars derived from Mariner data and Viking

Crbital information plus results obtained from the Viking Lander (refs. 9, 10, 23, and 24).
windblown particles probably include weatiered basalt fragments, clay materials, duricrust (crust-
like material that may consist of agglomerates of fine particles), and perhaps certain “heavy

%
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Figure 11.— Photomicrographs of some types of the particles used in threshold tests performed under low
atmospheric pressures, Except for the losses, several size ranges of each type were run in the tests to provide a
wide range of particle diameters and densities.

minerals such as magnetite (refs. 25 and 26). Thus the specific gravities of martian windblown
particles probably range from less than 2 to more than 3. Gravity on Mars is 0.38 that of Earth;
thus. less force is required to initiate particle lift and subsequent movement. Because gravity is a
parameter that cannot be controlled in MARSWIT, some other means must be taken to simulate the
lower gravity of Mars. For threshold simulations conducted on Earth, particles 0.38 as dense as
those expected on Mars can be used to offset partly the difference in gravity. The ground walnut
shells are considered appropriate since their density is about one-third that of possible windblowrn
martian material and their shape is similar to natural windblown minerals (fig. 12). Thus the walnut
shell material was used to derive most of the threshold velocity data for Mars: silica microspheres,
silt. and other materials were used to provide a wide range of particle densitivs for derivation of "A”
vs *B" relationships,

Cohesion resulting from water adsorbed on particles raises the threshold velocities above that
for “dry” particles. To reduce the eftect of this parameter. the fest materials were heated in an oven
to a temperature of about 425 K several hours prior to ¢iach run to remove most of the moisture. In
addition. the test bed of the tunnel contains a heated plate so moisture would not resorb on the
particles during pumpdown. The temperature of both the particles and the bed, however, was not
sufficient to significantly alter the characteristics of the wind boundary layer, henge the Monin-
Obukhov Length is infinite and the boundary layer may be considered neutral.

Another important parameter of the test particles is the distribution of particle sizes within
cach sample, Although only limited experiments with mixed particle size samples have been
conducted. it is noted that the presence of a relatively few Tasge grains can cause threshold af a
much lower value than it the sample consisted of homogencously-sized stuall grains, probably
because of the increased surface roughness. Conversely, i a semple of intermediate-size particles
contained a high frequency of tiny grains, then the overall threshold speed may be anomalously
high, Thus care was taken to ensure refatively accurate size distributions for the test sample:
nonetheless. it was not always possible to obtain well-graded samples.

14
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Figute 12.—~ Comparison of the shape of walnut shells with losses and water-deposited silt. The shape, degree of
sorting, and cleanliness of the walnut shells is very similar to windblown losses.

Test bed length and threshold determination-- An important parameter in theeshold tests is the
tength of the bed of material being tested (fig. 13). If the bed fength was not sufTiciently long, the
experimental value of the threshold speed would be unreatistically high. If the bed length was longer
than a criticat length, the experimentally determined value of 'y, became i constant. Furthermore,
the critical minimum bed length is not constant for all particle diameters but appears to be a

40
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Figure 13.- Eftect of length of particle test bed on threshold at ) bar pressure for 74-149 pm silica sand. Lengths
shorter than about 1.5 m result in anomalously high friction threshold,
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function of the particle diameter and atmospheric pressure. For the smallersized particles the
required critical bed length is substantially shorter than that for the larger-sized particles. For the
major size ranges of test particles, a series of tests was run to determine the critical minimum bed
length for the subsequent threshold tests, Typically a critical bed length of 2 m is needed for
particles with diameters of S00 um and about 1-m bed length for smaller particles,

Sultation threshold is defined here as occurring when grains of a given size are set into motion
over an entire bed. High-speed motion pictures and direct observations showed that typically in the
wind tunnel, as the wind is slowly increased, a speed is reached at which a few grains begin to
quiver, roll, and saltate; this is followed by a flurry of activity, then by relatively no motion. This is
not considered true threshold singe it appears to be the result of the manner of cmplacement of the
particles on the test bed. Evidently there are some particles that are “perched” above the general
surface and are highly susceptible to movement by the wind. Thus the procedure in the tunnel is to
raise the wind speed to the point that these grains are removed, with the surface of the bed being
repositioned naturally by the wind. The velocity is decreased below this jnitial movement then
slowly increased until true saltation of the bed is observed. Several data points were taken at each
pressure and several particle samples were tested two or more times in subsequent runs to determine
repeatability of the data; the error band was found to be on the order of 20 percent.

Saltation can be detected by several methods. Previous threshold experiments (rets. 14, 18,
and 19} conducted under one-atmosphere pressure involved visual observations of the entire test
bed (saltation results in a cloud of particles moving over the entire surface) and obscrvation of a
~2-cmesized patch of the bed through » telescope. This procedure, however, is not practical in
MARSWIT for low pressure experiments sinee the tunnel test bed is too far removed from the
observation port of the control room (fig. 7). This saltation is detected by means of, first, a high
resolution closed-circuit television system having a 1000-mm focal length camera lens to observe a
patch of the test bed about 3 em across; and second. a luser beam-photometer system (fig. 14) in
which a laser beam is directed longitudinally down the test bed. reflected off a mirror at the end of
the tunnel and directed back across the test bed where it activates a photocell. As soon as saltation
oceurs, the particles in motion interfere with the laser beam. causing less light to reach the photocell

RETLRN LASER

TUBE TO PROTECT BEAM MODULATED
PHOTOCELL FROM BY SALYATING AERODYNAMIC
EXTRANEOQUS LIGHT PARTICLES SHIELD
TUNNEL SALTATING
PHOTOCELL FLOOR PARTICLES

TEST SAMPLE

f /RED FILTER i
- -y )

€ e ;
- _B.ADJUSTING A { /
[ K{-- - MIRRORS ) j /
e \ ! !
\ PLEXIGLAS o
ADJUSTABLE
\ LASER MIRROR

PRE SSURE CASE

Figure 14, Schematic diagram showing laser-beam saltation threshold device., A laser beam is directed across the
floor of the tunnel, immediately above the test partictes, and reflected from a mirror onto a photoeell. As soon as
particles begin saltation, they interfere with the laser beam which is detected by the photocelt,
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and reducing the signal generated by the photocell, The third method involves the use of an
clectrometer. 1t has been found in the wind tunnel that beds of saltating particles build up
substantial electrical charges. An electrometer probe placed at the and of the test bed shows a rapid
buildup of charge as soon as saltating particies begin to impinge upon the probe. This multiple
method of saltation detection (television observation, laser beam-photometer, andd electrometer) is
used Tor both atmospheric and tow pressure tests for uniformity in detection.

Threshold as a Function of Reynolds Number

Several recent calculations of saltation parameters (primarily threshold friction speeds) for
Mars have been based on Bagnold's (ref, 21) terrestrial work. Many of these estimates (refs. 27--29,
and others) are based on the assumption that Bagnold's coefticient A is a unigue function of the
particle friction Reynolds number B (e . A= A(BN. If A were a “universal™ function of B, then
one curve should suffice for all conditions, including various atmospheric pressures. This would
allow fairly direct extrapolations trom experiments conducted at one atmosphere to low atmo-
spheric pressures such as Mars, However, parameters such as interparticle forces resulting from
cohesion by adsorbed water or clectrostatic charges which may be functions of atmospheric
presstire would severely complicate the extrapolation.

In a recent report, Sagan and Bagnold (ref. 30) argue that since Mars is comparatively “dry.”
interparticle forces resulting from cohesion by absorbed water would be negligible. They assume
that A is 4 certain function of Reynolds number B, but their function is not derived trom Bagnold’s
original experimental curve. Instead. they present a curve for air extrapolated from the experimen-
tal threshold data of White (ref. 31) for particles in water. Since it is presumed that particles
immersed in water are cohesionless (at least, as might be related to adsorbed moisture), their
threshold curve for air is an estimate for cohesionless particles and deviates considerably from
Bagnold's original curve for particles in air of diameter less than 100 um. They present a threshold
friction velocity curve for Mars in which there is no upturn in friction velocities for the smaller
particles (ref. 30). However, with the return of Viking Lander pictures (fig. 3) showing rather
cohesive, fine grained materials, Sagan agrees {personal communication} that some form of inter-
particle Torce must exist for small particles on Mars. In addition, as pointed out by Poltack er al.
(ref. 17), the trictionless case of Sagan and Bagnold would predict particle motion to be much more
frequent than is known to be the case from Viking results.

To determine the effeet of interparticle Torce on threshold, Iversen ef al. (ref, 19) conducted
one-atmosphere wind-tunnel experiments for particles with specilic gravities ranging from 0.21 to
11.35 and digmeters ranging from 8 um to 1290 g, giving a wide range of particle friction
Reynolds numbers. These results were combined with the limited threshold data obtained at low
pressute by Weinberger and Adlon (ref. 32). and it was found that the “universality™ of A(R) for
small particles at low pressure was essentially invalid.

Experimental Results Obtained tnder Low Atmuosphetic Pressure
Initial results Tor friction threshold speeds conducted under fow atmospheric pressure are
preseited in reference 180 The results presented here are expansions of those results and refine-
ments to take into account such factors as the influence of bed length on threshold.
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TABLE 1. - MATERIALS USED IN LOW For each’ sample material tested
PRESSURE THRESHOLD EXI"ERIMI‘NTS ([ahlc l)’ thrcghold cxpcrimcnts were
Material Size, pm | Specific gravity performed under pressurcs ranging from
Calcite 6 200 Y 4 mb (400 Pa) to 1000 mb (10* Pa), Fig-
Copper 12 - 60 8.9 ure 15 shows the threshold velocity as a
Curk 175 - 850 0.27 function of atmospheric pressure for
Glass microspheres 5. 710 247 three samples of walnut shells, sizes
Instant tea 400 - 1200 0.21 64 pm, 330 um, and 630 um. Similar
Polystyrene DVB 175 - 850 1.01 graphs were obtained for cach sample
Sand 20 -- 1400 2.67 material. Values of V., were taken from
Siit <5 6O 2.65 L e di
these graphs for each particle diameter
Walnut shell <20 - 1400 1.34 to derive Vu, vs D), curves for several
given atmospheric pressures (fig. 16).

. |
QRIGINAL: pAGE 1S
. )

A curve for demonstrating the func-
tional relationship between A and B and
its “nonuniversality” at different pres-
sures is the dimensionless friction speed: 1
Vi lolop — p)ev)'? =(A%B) 7 vs
dimensionless diameter:
D,((pp - p)glov?]*? = (B[A)?"
(ref. 19). Figure 17 is such a plot for the
ground walnut shells. The existence of
separate curves for each of the diameters
indicates the presence of additional
terms (i.e., interparticle forces, etc.) in
the functional relations and confirms the “]
existence of the “upturn” in threshold i
curve for Mars with the corresponding
existence of an “optimum” grain size for
Mars.

1000

100 -

PRESSURE Mb

0~ Not all of the parameters (e.g., vis-

cosities and temperatures) involved in
aevlian movement can be satisfied in
wind-tunnel simulations conducted on
Earth, even under low-pressure condi- i
tions. Thus a combination of theory and
wind-tunnel resuits must be employed
for extrapolation to Mars as discussed in
\ , o reference 15, Figure i8 shows threshold
10 100 1000 results performed at low pressure but
FRICTION THRESHOLD SPEED, V, , Cm/6C with Earth air; figure 16 is an extrapola-
tion of the wind-tunnel results to Mars
Figwe 15.- Curve showing increase in friction threshold based on the expressions derived by
speed(V,t) with decrease in pressure. Iversen etal  (ref. 19). using the

0 %21 WALNUT AVE SIZE 830 um
:: #28 WALNUT AVE SIZE 330 um
A #36 WALNUT AVE SIZE 64 um
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Figure 16,— Martian particle threshold curves as a function of particle size at three pressures. Scale on left is ¥V in
m/sec, two scales on right are equivalent free-stream (above the boundary layer) wind velocities (Vg,), based on
atmospheric models by Pollack et al. (refs. 16 and 17). Case | is for winds blowing over a flat smooth surface
composed of erodible grains; Case 2 is for a surface ¢containing cobbles and small boulders.
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Figure 17.— Dimensionless threshold friction speed as a function of dimensionless particle diameter for several
different ground walnut shell distribution. Expetiments were performed from 2 minimusm pressure of 5 mb to
1 atm. If Bagnold's A is uniquely only a function of B for nonterrestrial conditions, then only a single curve
should suffice to fit alt the data. Obviously, this {s not the case, as each separate particle diameter range exhibits
its own curve and A = A(B) is not truc when the pressure is varied. However, at a constant pressure, (42 B)' 7 isa
unique function of (B/4)* . The differcnces that oceur owing to pressure changes may possibly be explained by
changing of eiectrostatic and interparticle cohesive forces,
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Figure 18~ Threshold friction velocities of
particle diameter for walnut shells (circles) in
Earth air at low pressure, compared to
theoretical threshold curves, culculated using
Earth air and Earth gravity to simulate the
conditions.

appropriate values for kinematic viscosity and den-
sity for the martian atmosphere,

Minimum threshold friction speed (Vi) to
move particles on Mars is about 2.5 m/sec. Depend-
ing upon the atmospheric conditions (ref, 17), at a
nominal martian surtace pressure of 5 mb (500 Pa)
this would correspond to a wind velocity a couple
of meters above the surface of about 125 m/sec for
a smooth flat surface without boulders, or to about
43 mfsec for a surface with boulders (ref. 15).

The particle size most easily moved on Mars
by the wind is about 160 um in diameter as shown
in figure 16, In an active wind regime over an area
of relatively fixed particle formation, this size
particle (fine sand) would be easily mobilized and
cventually removed, either leaving behind both
finer (silt) and coarser materials, or possibly caus-
ing the silt to go into suspension, depending on the
ratio of sand to silt and their relative placement
with respect to the wind.

OTHER PARAMETERS AFFECTING AEOLIAN PROCESSES ON MARS

The wind speeds needed to raise particles on Mars discussed under “Threshold Friction Speed
Experiments” apply to relatively steady winds blowing across flat smooth plains consisting of loose,
uniformly size-graded particles. The series of experiments to obtain ¥, for these parametrically
simple but probably unrealistic conditions, was a first-order analysis in which the number of factors
was kept to a minimum. It is obvious from the Viking Lander pictures that for at least two localities
on Mars, the surface is very complex: Viking Orbiter pictures indicate that tie rest of the planct is

equally or more complex,

In this section we will discuss some of the complicating factors that would alter the values of
wind speeds needed to raise particles beyond those described above. In general, these effects lower
the free-stream wind speeds needed to set particles into motion: however, very little research has
been conducted on these effects, particularly in regard to low atmospheric pressure conditions, and
the results presented here are exploratory in nature and should be taken as preliminary.
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Swirling Motion Threshold

Many authors (e.g., ref. 33 and others) have recognized the difficulty of producing sufficiently
ligh frec-stream winds to raise particles on Mars. They have sugpested 1hat *dust-devil” or similar

cyclonic-type winds may play an important or e

ven doninant role in initiating martian dust storms.

In order to assess the relative effectiveness of swirling motion winds as 4 means of achieving

particle threshold, a series of exploratory ¢
determine the strength and size of vortice
surfuce. Research involving a vortex generutor {rc
University Aerospace Engineering Department for the

xperiments was conducted at one atmospliere pressure 1o
s needed to lift erodible particles (table 2y from the
f.34) has been conducted at the lowa State
past several years. The vortex, formed with

its axis perpendicular to the ground or surface plane, is produced by passing air through a rotating

honeycomb and stationary nozzle located some distang
by passage of air ¢ither upwards or downwards through
The vortex formed is an approximate small-scale mode

or dust-devil (fig. 19).

The swirling motion due to the atmospheric vortex (dust-devil) cause

gradient at the surface

2
dp _ Pp 2
r - TP (4a)
or
2
u
p b A= aAp = pry, Wyt (4b)
or
12
r S ,J_éi) -
{) pw”-i

where p is pressure, r is radial distunce
from the vortex center, p is air density,
g is tangential (swirl) speed, w,, is the
angular speed of the generator honey-
comb. and the characteristic radius r,, is
as defined in equations (4) where Ap is
the maximum surface pressure difference
from the center of the vortex to that at
large radius.

The maximum pressure difference,
Ap., was measured on the surface plane
of the vortex gencrator with a differen-
tint pressure transducer tor the range of
angular speeds wy, of the generator. The

¢ above the surface. A vortex can be formed
the honeycomb or with no air passage at all.
| of atmospheric vortices such as the tornado

s a radial pressurc

TABLE 2. MATERIALS USED IN WIND-TUNNEL
TESTS
Materisl Density. ~gmjem?® | Diameter, ~um

O Instant tes 0.21 719

A Silica el 0.89 17. 189

1 Nut shell 1.1 40 10 359

O Clover seed 1.3 290

< Sugar 1.59 393

N Glass 242 Il to 48

O Glass 2.5 38 10 580

B Sund 2658 o )

O Aluminum 27 36 to 204

A Glass 399 8810 S19

O3 Copper nxide 6.0 10 ‘

Vv Bronge 7.8 016

O copper 8.9 1227

O Lead £1.35 8720 i

2
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vitlues of characteristic radins r,, caleu-
lated from the mensused values of Ap are
shown in figure 20, A linear fit of the
datat vesults in an equation for r,,

= 0.0092 @, + 6,87 (3)

)
where T i in em and W, in rad/sec.

Assime that the top bayer of par-
ticles of thickness cquad to particle diam-
eter Dy is lifted by the vortex at thresh-
old. The forces acting on this layer per
unit area are then us shown

T oAp t‘r
i ] ]
lﬂl l ppgDp

In the figure above, Ap represents the
instantancous pressure difference
between the lower and upper surfaces of
the particle layer, caused by the vortex
moving over the part of the layer where
particles are observed to lift oft the sur-
face. The factor ¢ is included to account
for pressure relief that might occur prior to particle lift-off; oy is the stress due to interparticle
force, 7 is an upward normal stress due to the effects of viscosity, ppeDp is the weight of the
particle fayer per unit arca, and @ is an unknown constant of proportionality. It the upper layer
were completely sealed o would be 1 if there were leakage o would be less than 1, If the surface
stress 7 is defined as r=C‘,rpr02 then the value of r,w, is threshold where forces are in
cquilibritnm can be written as

Figure 19.- View of the swirling (cyclonic) motion device,
raising a small **dust devil” of particles above a test bed.

0’

I opgDp\ A1 + o\
"To%o = 1T 0 ; 7))
(et Cp) PpEtp

(6)

The characteristic threshold speed r 0, is not a true speed but is proportional to the square root of

l the pressure difference Ap fi.c., r”o.m = (Aplp)' 1y,

Unfortunately ncither the function r,r[(l) ) nor the function (Tir” W,,/T) nor the ratio « are
known, and sufticient data to determine lhcsc functions cmpirically is not yc t available. The values
of r,,0,, at threshold are showa as a function of particle diameter in figure 21 and as a function of
(ppgl) /p)' 2 in figure 22, Figure 22 does show a trend for increasing angular threshold speed for

| =
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Figure 21.— Characteristic vortex thresh-

hold speed r,w, as a function of par-
ticle diameter.

Figure 22.— Characteristic vortex thresh-

old speed 7,0, = (Ap/p)' * as a func-
tion of particle parameter, Note that
for large particles the pressure differ-
ence Ap is nearly equal to the weight
per unit area of a single layer of par-
ticles. For small particles the pressurc
difference Ap ranges up to nearly ten
times the weight per unit area of a
single fayer. One explanation for the
difference is small particle cohesion

(interparticle stress o;).

Figure 20. - Characteristic radius of the vortex us
a function of rotor speed (see cgs. (4) and (5)).
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larger values of this funetion, However, sinee the effects of Reynolds number % w/v and
interparticle force are not aeceanted tor, there is a large amount of duti scatter for most ol the
range of the data,

The entrvinmera mechanism for vaising surface particles with o vertical vortex (dust devil) is
obviously guite different from the uniform wind boundiry-layer case. The variation with particle
diameter is much fess pronounced for vortex threshold than it is for boaundary-layer threshobd. The
important points to note from these exploratory experiments is that the size and density seem 1o
have little imporcmee in swirling motion theesheld except for the two extremie cases of Large lead
and bronze particles, ‘Thus cyclonic motion winds would appear to be very elfective in raising
erodible particles of all types and sizes. Onee lifted above the surfice, much lower winds than
*nornmal” threshold could continue to carry particles along,

Behavior of Windblown Particles at Low Pressure

Onee particles are set into saltation by ihe wind, their behavior at low pressure is quite
different from that of particles under one atmosphere conditions, For example, because much
stronger winds are required for threshold, the particles carried by the wind in saltation and
suspension will also be moving faster after threshold. When they impact other particles and rock
surfaces they will impart more energy to the impacted surface, which may result in a greater erosive
capability at low pressure as well as potentially lowering the dynamic threshold of the impacted
grains,

Morcover, partly because of the increased particle velocities and reduced atmospheric drag, the
saltation path length has been caleulated to be up to 50 times longer than on Larnh, according to
the assumed surface conditions. These values are based on numerical simulations, using wind-tunnel
data obtained at one atmosphere surface pressure (ref, §),

Since the geometry of ripple length, erosional scour patterns, and other acolian features is
dependent on the characteristics of the saltation trajectories, we should expect to see ditferences in
these features on Mars. For example, Viking Lander photographs show a pronounced scour zone in
the deposits of fine-grained particles around many of the rocks: although similar patterns develop
around rocks on Earth. there appear to be geometric differences in the martian cases, primarily in
the Torm of deeper and longer scour zones. This may be explained by the differences in the
boundary layers near the surtace. The properties of the viscous sublayer flow within the boundary
layer intfuences the motion of the grains. On Earth, the typical range ot siltation cecurs when there
is no viscous sublayetr or at most a very minute one (~1 mm thick: ref. §). The viscous sublaer is
proportional to pft, which can be up to 10 times as large as that on Earth or ~1 ¢m thick. Thus the
effect is to lave greater viscots interactions oceurring at the surface on Mars and in the low pressure
experiments, and the results are deeper crosion and extension of crosion further downstream.

To test potential causes of such differences, several experiments were conducted in MARSWIT.
A rock about 12 em across was placed in the tunnel on a bed of fine sand: under one atmosphere
condition, the sand was eroded to determine the scour zones in relation to the rock. Vortices and
turbulence around the rock resubted in eroded zones in front of the rock and offits leeward sides. a
pattern o be expected from the horseshoe vortex flow fiekd deseribed (rets. 4 and T4, The same
test was run ander a surtace pressure of .3 mb,
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Although the basic pattern was the same Tor hoth cpses (hoth result from horseshoe vortices),
the erasion is more pronounced for the simulated martian case, Hoth cases were ron at wind speeds
slightly higher than threshold: becanse Vi, is anany times higher for martian conditions than tor
Earth conditions, the free-stream wind veloeity is also considerably higher, The pressure differential
acting on the particles is approximately the same, however. Onee e particles are picked up by the
wind, they also travel Gaster. When the saltating grains strike il rock, they bounee of 1 the face of
the rock with greater energies aned erade the zone in front of the rock toa greater depree. Moreover,
because the saltation path fength is greater under martion conditions, as the grains are swept into
the horseshoe vortex around the rock, they will strike the surfiee at a greater distance downwind
from the rock than they did at one atmosphere. Such o result has the etfeet of lengthening the
acolian “shadow™ zone behind rocks and other obstructions. Since the grains are traveling at o
greater velocity and have a larger momentum, upstream prains are also less likely o be “eaptured™
by the rock as they enter its flow ficld.

Another aspect of particle behavior at low pressure that affeets threshold and may atfect rates
of erosion also, is the spin rate of grains in saltation, Although it has been known for some time that
saltating grains are spinning, the significence of that fuct has not been fully appreciated. For
example, White and Schulz (ref. 200 have shown that part of the lift on the patticle in the saltation
trajectory is attributable to the Magnus cffect resulting from spinning grains. As the particles begin
to lift above the bed, they begin spinning due to shear forees in the boundiry layver. Analysis of
high-speed motion pictures of saltating grains show that they spin up to 200 rps under one
atmosphere condition. Extrapolation to martian conditions show that spin rates are more than
doubled, or about 450 rps, Although the effect of rapidly spinning grains on rates of erosion has not
been assessed, it may be significant. Future experiments will utilize MARSWIT to test the rate of
spin at low pressure as well as to assess the effect of spinning grains on rates of crosion.

SUMMARY AND CONCLUSIONS

That acolian processes have played and continue to play a significant role in the evolution of
the surface of Mars cannot be disputed. Unfortunately, acolian processes on Muars are poorly
understood, primarily because of the drasticully different acolian environment compared to Farth's:
yet, without good knowledge of these processes, the peological history of Mars remains shadowed |
Rates of aeolian erosion provide a case in point. Prior to the Viking mission. orbital pictures from
Mariner 9 showed numerous features that were attributed to winds, including dunes, crater streaks.
and other depositional features. Pedestal craters, yardangs, sculpted laminated tereain and other
features obscrved from orbit prompled the general conclusion that vast regions had been eroded (o
significant depths by the wind. It was reasoned that the frequent dust storms and the postulated
high winds would be capable of accomplishing high rates of erosion.

Viking results, however, are raising scrious questions about just how much wind erosion has
oceurred. Pictures from orbit, for example, show that many of the pedestal craters are not crosional
but are primary landforms  some are fresh impaet craters (ref. 35) and others are prrabably
voleanoes, although som  still appear to result from crosion,

Viking Lander pictures in Chryse Manitia lead to the conclusion that the plains may have
undergone from 1 10m of surface crosion sinee their ctplacement. a rather small amount
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considering their great age as tentatively determined from erater counts (Binder, personal communi-
cation). Morcover, rocks visible in the Lander pictures show few of the surface textures and
features expected from wind erosion, as feast by terrestrial comparisons, Similar conclusions have
heen reached for the Viking 11 Lander site.

Other surprises from Viking are causing the questions about wind crosion on Mars to be
reasked. The basic guestion is: How effective is wind crosion on Mars under the present environ-
ment, and how might it have been different in the past? To answer this question, onc must know:

The range of wind speeds at which particles are driven by the wind.
The characteristics of saltation in the martian atmosphere.

The eftects of clectrostatically-charged particles,

Rock weathering in the martian environment.
Frequency-magnitude determinations of martian surtace winds.

o W -

Solutions to tiese complex problems will undoubtedly take years to derive. Nonetheless,
results presented here are focusing on these problems, which, when combined with analysis of
spacecraft data will lead to a much clearer understanding of acolian processes on Mars.
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